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INTRODUCTION 
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\ 

During t h e  las t  ten years ,  i n  which t h e  pro tec t ion  of t h e  environment and 
lexpec ia l ly  our air  has become a major n a t i o n a l  concern, t h e  automobile has  received 
most a t t e n t i o n .  A s  f e d e r a l  c o n t r o l s  l i m i t i n g  t h e  emissions from t h e  automobile have 
been l e g i s l a t e d  and gone i n t o  force ,  and f e d e r a l  ambient a i r  q u a l i t y  s tandards  were 
adopted, t h e  d i e s e l  engine and l a r g e  s t a t i o n a r y  steam genera tors  have a l s o  come 
c o n t r o l  by v i r t u e  of f e d e r a l  law. 
of a i r  p o l l u t i o n  and a l l  of t h e  major f u e l  consuming u n i t s  except one a r e  now 
covered by f e d e r a l  emissions regula t ions .  
hea t ing  u n i t .  
use  p a r t i c u l a r l y  i n  t h e  win ter ,  w e  f e l t  i t  important t o  s tudy  t h i s  p o t e n t i a l  source 
of a i r  pol lu tan ts .  Previous work repor ted  i n  t h e  l i t e r a t u r e  (1-7) s tudied  e f f e c t s  
of equipment design and opera t ing  condi t ions .  
t o  look a t  t h e  e f f e c t  of f u e l  composition on emissions. This  paper summarizes t h e  
more important r e s u l t s  of t h i s  study. 

A l l  combustion processes  a r e  p o t e n t i a l  sources  

The one except ion is  t h e  r e s i d e n t i a l  
Since a s u b s t a n t i a l  share  of a l l  petroleum is  consumed i n  r e s i d e n t i a l  

Our own i n t e r e s t  i n  t h i s  s tudy  was 

EXPERIMENTAL 

The p o l l u t a n t s  measured i n  t h i s  s tudy can be divided i n t o  gaseous 
emissions, smoke and p a r t i c u l a t e s ,  and polynuclear  aromatic hydrocarbons. Among 
t h e  gaseous emissions d i r e c t  measurements were made of carbon monoxide, t o t a l  
hydrocarbons, and n i t rogen  oxides. 
d i s p e r s i v e  i n f r a r e d  analyzer  which on i t s  most s e n s i t i v e  s e t t i n g  w a s  c a l i b r a t e d  t o  
read i n  t h e  range of 0-250 p a r t s  p e r  m i l l i o n  (ppm). Tota l  hydrocarbons (HC) were 
measured by flame ioniza t ion .  
heated t o  keep t h e  sample temperature a t  no l e s s  than 270'F (135'C) t o  minimize 
l o s s e s  of the  higher  b o i l i n g  hydrocarbons. 
l y z e r  was 0-10 ppm HC a s  methane., Nitrogen oxides (NO,) were measured wi th  a 
chemiluminescence analyzer .  

Carbon monoxide w a s  measured w i t h  a non- 

Both t h e  analyzer  and t h e  sampling l i n e s  were 

The most s e n s i t i v e  range of t h e  ana- 

The most s e n s i t i v e  range of t h e  ana lyzer  w a s  0-2.5 
ppm. 

A parameter of long s tanding  i n  t h e  hea t ing  o i l  business  t o  c h a r a c t e r i z e  
combustion i s  smokiness. The Bacharach smoke spot  measurement i s  t h e  u n i v e r s a l l y  
used technique f o r  measuring t h e  degree of smokiness. This technique w a s  used i n  
t h i s  s tudy t o  measure smoke a t  s teady  s t a t e  condi t ions .  For continuous measure- 
ment of smoke, t h e  Von Brand smoke meter was used. This  l a t t e r  is p a r t i c u l a r l y  
u s e f u l  f o r  measuring t h e  smoke during burner  s t a r t u p  and shutdown. I n  both tech- 
niques,  a sample of t h e  f l u e  gas  is pul led  through a f i l t e r  paper and t h e  r e s u l t -  
ing  smoke spot  o r  t r a c e  can be  compared t o  a standard s c a l e  going from zero smoke 
t o  a number 9 smoke. 

Mass p a r t i c u l a t e  emissions were measured using t h e  EgA technique speci- 
f i e d  f o r  s t a t i o n a r y  sources  f o r  which emissions r e g u l a t i o n s  e x i s t .  An i s o k i n e t i c  
sample  of f l u e  gas i s  drawn from t h e  breech of t h e  furnace through a heated probe 
and then a f i l t e r  i s  used t o  catch t h e  s o l i d s  contained i n  the measured volume 
of s a m p l e  gas. The quant i ty  of p a r t i c u l a t e s  trapped on t h e  f i l t e r  is determined 
gravimet r ica l ly .  

No standardized method f o r  sampling polynuclear aromatic hydrocarbons 
(PNA'S) e x i s t s  a t  present .  Our approach has  been t o  withdraw cont inuously a 
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f l u e  gas  sample from t h e  furnace  breech ,,tder i s o k i n e t i c  flow condi t ions.  I s o k i n e t i c  
sampling is  used s i n c e  PNA's may b e  adsorbed on t h e  p a r t i c u l a t e s  contained i n  t h e  
f l u e  gas. The sample probe is  not  heated except by t h e  f l u e  gas  i t s e l f .  The 
sampled f l u e  gas passes  d i r e c t l y  from t h e  probe i n t o  a s e r i e s  of four  g l a s s  in- 
p i n g e r s  (See Figure 1). 
dense a s  w e l l  a s  t r a p  t h e  PNA's. 
its temperature i s  about 35'F. 
pinger  t r a i n  t o  t r a p  any p a r t i c u l a t e s  t h a t  may be c a r r i e d  through the  impinger 
t r a i n .  The f i l t e r  i s  maintained a t  about 50°F by the  c h i l l e d  f l u e  gas  sample. 
sample recovery c o n s i s t s  of c o l l e c t i n g  t h e  condensate from t h e  impinger t r a i n ,  t h e  
f i l t e r  i t s e l f ,  and t h e  a c e t o n e  wash of t h e  probe, impingers and f i l t e r  housing. 
PNA's and o t h e r  organics  are ext rac ted  from t h e s e  t h r e e  s e p a r a t e  p a r t s  of t h e  sample 
us ing  cyclohexane. 
absorp t ion  technique. PNA's a r e  separa ted  i n t o  i n d i v i d u a l  f r a c t i o n s  on a GC column, 
and each f r a c t i o n  is analyzed by UV absorption t o  determine t h e  q u a n t i t y  of t h e  
s p e c i f i c  PNA contained i n  t h e  f r a c t i o n .  To account f o r  sample handling and a n a l y s i s  
l o s s e s  CI4 tagged benzo(a)pyrene and benz(a)anthracene a r e  added t o  t h e  t h r e e  p a r t s  
of t h e  sample before  e x t r a c t i o n .  PNA losses dur ing  t h e  a n a l y t i c a l  procedure a r e  
determined from t h e  measured loss of t h e  two r a d i o a c t i v e  t r a c e  components. 
t a i l e d  d e s c r i p t i o n  of  t h e  a n a l y t i c a l  procedure i s  given elsewhere (8). 

The impingers are immersed i n  an i c e  b a t h  and s e r v e  t o  con- 
B y t h e  t i m e  t h e  f l u e  gas leaves  the l a s t  impinger 

A small  pore s i z e  ( 4 . 2 ~ )  f i l t e r  fol lows t h e  im-  

The 

Analys is  of PNA's is done by a combined gas  chromatography - UV 

A de- 

To determine burner  operat ing condi t ions ,  a d d i t i o n a l  measurements were 
made f o r  C02, oxygen, f l u e  d r a f t ,  f l u e  g a s  temperature ,  and f u e l  flow. F lue  gas  
volumes were ca lcu la ted  from measurement of f u e l  flow and excess  air  assuming 
complete combustion of f u e l .  Actually measured f l u e  g a s  f lows d i f f e r e d  from such 
c a l c u l a t e d  flows by no more than  3%. 
was a commercially a v a i l a b l e  hot  air  furnace wi th  a maximum heat  input  of 119,000 
BTLVhr. 
nominal f i r i n g  r a t e  of 0.75 GPH. 

The u n i t  on which t h e  measurements were made 

The furnace was f i r e d  wi th  a conventional h igh  pressure  gun burner  a t  a 

RESULTS AND DISCUSSION 

Gaseous Emissions 

F igure  2 shows CO emissions a s  a f u n c t i o n  of equivalence r a t i o  (E.R.). 
The equiva lence  ra t io  i s  t h e  r a t i o  of a c t u a l  a i r  t o  t h a t  requi red  f o r  s to ich iometr ic  
combustion of  the f u e l .  
is equiva len t  t o  t h e  use of  60% excess  air .  Resul t s  a r e  shown f o r  t h r e e  f u e l s  
d i f f e r i n g  in gravi ty ,  a romat ics ,  and f i n a l  b o i l i n g  poin t .  
on ly  one c l a s s i f i e d  as a No. 2 f u e l  o i l ,  with t h e  kerosene having a much higher  
AF'I g r a v i t y  and the low g r a v i t y  f u e l  being too low i n  g r a v i t y .  
furthermore are given f o r  t w o  operat ing condi t ions ,  a t  s teady  state and f o r  a 5 
minute burn - 5 minute o f f  cyc le .  
averaged from the  p o i n t  a t  which t h e  burner starts t o  a poin t  30 seconds a f t e r  
shutdown. The l a t t e r  i s  included s i n c e  t h e  CO emissions tend t o  b e  h igher  i m e d i -  
a t e l y  a f t e r  burner shutdown. 
very  low even during t h e  r e l a t i v e l y  f u e l  r i c h  and smoky opera t ion  t h a t  i s  obtained 
a t  equiva lence  r a t i o s  lower t h a n  1.4. In f a c t  i n  t h e  normal opera t ing  range t o  
b e  found i n  t h e  f i e l d  (1.5 t o  2.0 E.R. ) ,  t h e  carbon monoxide i n  t h e  f l u e  gas  i s  
a t  a lower concent ra t ion  t h a n  i n  t h e  labora tory  combustion air .  
o p e r a t i o n  the CO i s  low when 40% or more excess  a i r  i s  used. I n  terms of f u e l  
e f f e c t s ,  t h e  high g r a v i t y ,  low f i n a l  b o i l i n g  poin t  kerosene g ives  somewhat lower 
CO emissions,  p a r t i c u l a r l y  a s  l e s s  excess  air  is  used. From our  poin t  of  view 
it w a s  not  considered impor tan t  t o  i n v e s t i g a t e  t h e  causes  f o r  t h e  observed behav- 
i o r  s i n c e  under normal o p e r a t i n g  condi t ions  the CO emissions were low w i t h  a l l  
t h r e e .  
not normally b e  used because of smoke l i m i t a t i o n s .  

An E.R. o f  1 .6  which is t y p i c a l  f o r  f i e l d  i n s t a l l a t i o n s ,  

The t y p i c a l  f u e l  i s  t h e  

The emissions 

The r e s u l t s  f o r  c y c l i c  o p e r a t i o n  a r e  time- 

The CO emissions under s teady  state condi t ions  a r e  

Even under c y c l i c  

Di f fe rences  between f u e l s  occurred under burning condi t ions  which would 
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Figure 3 shows emissions o t  L o t a l  hydrocarbons f o r  t h e  same condi t ions  

and f u e l s  a s  previously given f o r  CO. The concent ra t ion  of  hydrocarbons i n  the 
f l u e  gas l i k e  t h a t  f o r  CO is very low, usua l ly  less than t h a t  contained i n  t h e  
labora tory  combustion air  except during a s h o r t  per iod a f t e r  s t a r t u p  and a f t e r  shut-  
down. Unlike t h e  behavior of  CO, under c y c l i c  condi t ions the  hydrocarbons increased 
a t  very high excess a i r  l e v e l s .  A s  t h e  a i r  v e l o c i t y  tended t o  become very  high, 
i g n i t i o n  became erratic and i n  t h e  exkreme case  t h e  flame would a l t e r n a t e l y  ext in-  
g u i s h  and r e i g n i t e  f o r  a few seconds a t  the beginning of the burn ing  cycle .  A s  is 
clear from Figure 3, t h e r e  i s  no e f f e c t  of f u e l  composition on hydrocarbon emissions. 

Both a t  s teady  state and under c y c l i c  condi t ions ,  t h e  n i t rogen  oxide emis- 
s i o n s  w e r e  r e l a t i v e l y  i n s e n s i t i v e  t o  e i t h e r  equivalence r a t i o  o r  f u e l  composition. 
A t  s teady s t a t e ,  emissions averaged about 80 ppm. 
minute of f  cycle ,  time-averaged emissions were about 70 ppm. 

For t h e  f i v e  minute on-five 

i 

Smoke and P a r t i c u l a t e  Emissions 

A number of s t a t e s  and l o c a l i t i e s  i n  t h e  U. S. have l a w s  on t h e  maximum 
al lowable smoke i n  t h e  f l u e  gas. 
t h a t  t h e r e  i s  a peaking of t h e  smoke as t h e  burner  starts up. A s  combustion pro- 
ceeds and t h e  temperature i n  t h e  combustion zone r i s e s ,  t h e  smoke decreases .  
d i a t e l y  upon burner  shutdown, t h e  smoke i n  t h e  f l u e  gas  aga in  i n c r e a s e s  t o  a peak 
and then drops of f  t o  zero as t h e  furnace i s  swept by ambient a i r .  S t a r t u p s  and 
shutdowns are not  very repea tab le  i n  terms of smoke emissions even wi th  t h e  Same 
fue l .  The e f f e c t  of f u e l  composition on smoke is  t h e r e f o r e  more c l e a r l y  seen at  
s teady s t a t e  operat ion.  Figure 4 shows t h e  Bacharach smoke number as a func t ion  
of equivalence r a t i o  f o r  four  d i f f e r e n t  f u e l s .  It is  c l e a r  from the f i g u r e  t h a t  
t h e r e  is  a d i f fe rence  i n  smoke number from t h e  four  f u e l s  when opera t ing  a t  higher  
than t r a c e  smoke condi t ions ,  i.e. less than  70% excess  a i r .  A c r o s s  p l o t  of smoke 
number, at  f o r  example 50% excess a i r ,  a g a i n s t  f i n a l  b o i l i n g  poin t  shows an excel- 
l e n t  l i n e a r  c o r r e l a t i o n  (Figure 5). 
backend v o l a t i l i t y  could t h e r e f o r e  a f f e c t  t h e  smokiness of combustion. 
other  hand t h e s e  r e s u l t s  a l s o  i l l u s t r a t e  t h a t  smoke-free combustion is poss ib le  
even wi th  f u e l s  having f i n a l  b o i l i n g  p o i n t s  s u b s t a n t i a l l y  h igher  than found i n  pres- 
en t  No. 2 heat ing o i l s ,  i f  t h e  excess a i r  i s  ad jus ted  f o r  t h e  f u e l .  

Smoke behaves much l i k e  CO and hydrocarbons i n  

Imme- 

Direc t  s u b s t i t u t i o n  of f u e l s  wi th  d i f f e r i n g  
On t h e  

As f a r  a s  domestic hea t ing  u n i t s  a r e  concerned, t h e  smoke number is the  
only way by which p a r t i c u l a t e  emissions a r e  being charac te r ized .  
t ioned t h e r e  do e x i s t  f e d e r a l  regula t ions  on mass p a r t i c u l a t e  emissions f o r  very 
l a r g e  capaci ty  steam generators .  To determine compliance wi th  t h e  regula t ions ,  the 
EPA prescr ibed a technique t o  be  used f o r  measuring mass p a r t i c u l a t e  emissions. 
Resul ts  of t h e  p a r t i c u l a t e  measurements are given i n  Figure 6 .  

A s  has been men- 

Most p a r t i c u l a t e  measurements i n  our  s tudy were made by t h e  EPA proce- 
dure. I n  a l i m i t e d  number of t e s t s ,  f l u e  gas  was sampled i n  a d i l u t e d  stream and 
some measurements were made wi th  a m u l t i s t a g e  impactor. 
a l s o  included i n  Figufe 6 .  
smoke numbers were given. 
s t a t e  and f o r  t h e  usua l  5 minute on - 5 minute off  cycle .  
s ions  are given as a func t ion  of smoke number. 
wi th  a t y p i c a l  hea t ing  o i l .  There is a c o r r e l a t i o n  of p a r t i c u l a t e  emissions with 
smoke which is  q u i t e  pronounced a t  t h e  higher  smoke numbers. 
condi t ions t y p i c a l  i n  t h e  f i e l d ,  t r a c e  t o  about a number 4 smoke, the emissions 
a t  t r a c e  smoke can be j u s t  as high as a t  number 5. 
u l a t e  emissions from a f i e l d  survey of domestic o i l  heated u n i t s  a l s o  showed no 
c o r r e l a t i o n  of smoke number with mass p a r t i c u l a t e  emissions ( 6 ) .  
ber  therefore  is inf luenced not  only by mass p a r t i c l e  loading of  t h e  f l u e  gas  b u t  
a l s o  by the  na ture  of t h e  p a r t i c l e s  and t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
t i o n s  of p a r t i c u l a t e  emissions with opera t ing  condi t ions,  i . e .  c y c l i c  vs .  s teady 

These measurements are 
The r e s u l t s  shown a r e  f o r  t h e  same fue ls  f o r  which 

I n  a d d i t i o n  t h e  f i g u r e  conta ins  emissions a t  s teady 
Mass p a r t i c u l a t e  emis- 

Most of t h e  measurements were made 

For opera t ing  

Published r e s u l t s  of p a r t i c -  

The smoke num- 

Varia- 
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s t a t e ,  and with d i f f e r e n t  f u e l s  a r e  a t  a l e v e l  which i s  less than t h e  r e p e a t a b i l i t y  
of t h e  measuring procedure. 
emissions from the  gun burner  a r e  i n  t h e  range of 1 t o  2 l b s .  p e r  1000 ga l lons  of 
f u e l  even with s u b s t a n t i a l  changes i n  f u e l  and opera t ing  condi t ions.  

Unless t h e  smoke becomes very high, mass p a r t i c l e  

Polynuclear  Aroma t i c  Hydrocarbons 

In the years  s i n c e  polynuclear  aromatic hydrocarbons have been i d e n t i f i e d  
i n  the  atmosphere, a g r e a t  many s t u d i e s  of emissions from various sources  have been 
repor ted  i n  t h e  l i t e r a t u r e  (9) .  I n  r e c e n t  t i m e s  such s t u d i e s  have concentrated on 
the  automobile engine. Though cons iderable  experience has been accumulated i n  the 
experimental approaches t o  PNA c o l l e c t i o n  one important problem s t i l l  remains to be 
solved.  That problem is t h e  loss of PNA spec ies  during sampling. Although these  
compounds a r e  e a s i l y  condensed, they a r e  r e l a t i v e l y  v o l a t i l e  and e a s i l y  oxidized. 
I n  those p a r t s  of the  sampling system which are a t  s i g n i f i c a n t l y  higher  than room 
temperature the  chance f o r  loss is very g r e a t .  Attempts to  quant i fy  such l o s s e s  i n  
PNA measurements from automobiles (10) by i n j e c t i o n  of rad ioac t ive  spec ies  i n t o  the 
gas s t ream sampled, have i n d i c a t e d  t h a t  under c e r t a i n  condi t ions ,  s u b s t a n t i a l l y  
more than h a l f  of t h e  r e a c t i v e  PNA's  may be  l o s t  during sampling. 
niques used t o  es t imate  l o s s e s  r a i s e  near ly  as  many quest ions a s  are answered. Our 
approach to  es t imate  l o s s e s  c o n s i s t e d  of doping the  sampling t r a i n ,  exc lus ive  of the 
probe i t s e l f ,  with known q u a n t i t i e s  of non-radioact ive benzo(a)pyrene and benz(a)- 
anthracene and then making a normal sampling run. 
t o  f i f t y  times the amount o f  BaP and BaA normally c o l l e c t e d  i n  a run.  
ies measured were 57% f o r  B a P  and 46% f o r  BaA. For thcse two very r e a c t i v e  compo- 
nents  perhaps only h a l f  of t h e  q u a n t i t y  of each c o n s t i t u e n t  i s  recovered by the 
sampling system. A s  was mentioned previously,  l o s s e s  during the  a n a l y t i c a l '  proce- 
dure i t s e l f  were r o u t i n e l y  accounted f o r .  In the  d iscuss ion  to  fol low PNA r e s u l t s  
repor ted  a r e  those a c t u a l l y  measured. 
sampling l o s s  descr ibed above. 
ed f o r  PNA i n  the f u e l  and i n  t h e  f l u e  gas .  
conten t  a r e  shown i n  Table 1. 

Yet t h e  tech- 

The l e v e l  of doping was twenty 
The recover- 

They a r e  not  cor rec ted  f o r  the p o s s i b l e  
Three d i f f e r e n t  types of f u e l s  were run and analyz- 

Resul t s  of emissions and f u e l  aromatic 

TABLE 1 

PNA EMISSIONS FRO11 HEATING OILS 
(Lbs./1000 Gals.) x l o >  

Kerosene Typical  - Low Gravity 
F u e l  F lue  Gas Fuel Flue Gas Fuel  Flue Gas 
550 0.8 19,900 6.2 5.700 - 6.5 
- -  

Pyrene 

Benz(a) anthracene 29 0.04 1,380 0.2 6,340 1.7 
Chrysene 110 0.1 3,700 0.2 24,200 0.4 

Fuel  Aromatics - X 1 3 . 2  37.1 46.1 
The a n a l y t i c a l  technique used was a b l e  t o  i d e n t i f y  eleven spec ies  of PNA's. Resul ts  
however a r e  reported only f o r  those f i v e  spec ies  which were c o n s i s t e n t l y  found i n  
measurable q u a n t i t i e s .  I n  PNA s t u d i e s  from automobiles i t  had been reported t h a t  
exhaust  emissions were dependent on t h e  aromatic content  of the f u e l  (11-13). A s  
Table 1 shows the t h r e e  f u e l s  had a b i g  range i n  aromatic  components a s  wel l  a s  i n  
f u e l  PNA content .  Looking a t  benzo(a)pyrene, t h e  d i f f e r e n c e s  i n  e m i s s i o n s  between 
the  t h r e e  f u e l s  a r e  not  s t a t i s t i c a l l y  s i g n i f i c a n t  (s tandard devia t ion  = 0.66), so 
t h a t  the e f f e c t  of t h e  very l a r g e  change i n  aromatic  content  of t h e  f u e l  in f luences  
the  emissions a t  l e a s t  of t h i s  component t o  a r e l a t i v e l y  small exten t .  A s  f a r  a s  
BaA i s  concerned t h e  change i n  aromatics  and PNA content  in going from the  kerosene 
t o  the  t y p i c a l  hea t ing  o i l  d i d  n o t  produce a s t a t i s t i c a l l y  d i f f e r e n t  emission re- 
s u l t .  Increas ing  t h e  BaA conten t  of t h c  f u e l  s t i l l  f u r t h e r ,  i .e. moving from t h e  
t y p i c a l  t o  t h e  low gravi ty  f u e l ,  w i t h  a r e l a t i v e l y  small  a d d i t i o n a l  increase  i n  
aromatics  d i d  show a s i g n i f i c a n t  i n c r e a s e  i n  BaA emissions though the l e v e l  is  

Benzo(a)pyrene 1 2  0.2 190 0.6 1 2 4  1 . 2  

Triphenylene 66 0.2 2,300 0.6 10,100 1.0 

- 

I 
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st i l l  q u i t e  low. This  p o i n t s  
s t r o n g l y  than f u e l  aromatics .  
t y p i c a l  hea t ing  o i l  w a s  doped 
o t h e r  proper t ies .  
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t o  f u e l  PNA content  as inf luenc ing  emissions more 

with pure BaP and BaA without  s i g n i f i c a n t l y  changing 
To look a t  t h e  inf luence  of f u e l  PNA content ,  the  

TABLE 2 

EMISSIONS FROM TYPICAL HEATING OIL 
(Lbs./1000 Gals.) x 10, 

As Is Doped 1 Doped 2 
Fuel  F lue  Gas Fuel Flue Gas Fuel  F lue  Gas 

3,230 - - -- 
Benzo(a)pyrene 190 0.6 1,210 3.6 4.2 
Benz(a) anthracene 1,380 0.2 2.420 0.6 4,800 0.4 

The results of the BaP make i t  c l e a r  t h a t  increas ing  t h e  f u e l  BaP content  does in-  
c rease  t h e  l e v e l  of BaP  found i n  t h e  exhaust. Exhaust BaA on the  o t h e r  hand 
appears t o  be l e s s  s e n s i t i v e  t o  BaA l e v e l  i n  the  f u e l .  I n  order  t o  see i f  s i g n i f i -  
can t  generat ion of  PNA's occurs  i n  the  combustion system t h e  t y p i c a l  h e a t i n g  o i l  
w a s  doped wi th  high b o i l i n g  aromatics  from s t i l l  bottoms. These heavy f r a c t i o n s  
contained both PNA's as w e l l  as  aromatic  spec ies  i n  t h e  range of Cl0 t o  c16. 

TABLE 3 

EMISSIONS FROM TYPICAL FUEL DOPED WITH HEAVY AROMATICS 
(Lbs./1000 Gals.) x 10' 

Pyrene 
Benzo(a)pyrene 
Benz(a)anthracene 
Chrysene 
Triphenylene 

Fuel  
47,400 

3,440 
3,700 
5,380 
4,130 

Flue  Gas 
9.4 

<4.5 
0.3 
0.3 
0.9 

The r e s u l t s  f o r  BaP and BaA a r e  comparable t o  those of the  t y p i c a l  hea t ing  o i l  
doped wi th  pure BaA and BaP. 
d i d  n o t  show increases  i n  PNA emissions t h a t  would n o t  be expected simply from t h e  
PNA content  of t h e  doped f u e l .  
f u e l  a g a i n s t  the  PNA content  of t h e  f u e l  i n  the normal as w e l l  as var ious  doped 
.condi t ions,  a l lows one, i f  only approximately, t o  e x t r a p o l a t e  to  a zero PNA content .  
The emissions a t  t h i s  zero i n t e r c e p t  should b e  those which a r e  synthes ized  i n  burn- 
i n g  t h a t  f u e l  (37% aromatic  conten t ) .  Although these data  a r e  s c a t t e r e d ,  they 
i n d i c a t e  t h a t  even with high aromatics  conten t  i n  t h e  f u e l ,  PNA formation is  not  
s i g n i f i c a n t  (about equiva len t  t o  t h a t  shown from kerosene o r  less than 0.5 x 
lbs./1000 ga ls . )  and PNA's found i n  the f l u e  gas a r e  those which surv ive  from the 
f u e l .  

The presence of so-cal led precursors  f o r  PNA formation 

Regressing t h e  emissions r e s u l t s  of  t h e  " typical"  

Surv iva l  of f u e l  PNA's is very l ow as shown below. 

TABLE 4 

RATIO OF FLUE GAS PNA TO FUEL PNA 

Pyrene 0.02 - 0.05% 
Benzo (a)pyrene 0.1 - 0.3% 
Benz(a)anthracene 0.03% 
Chrysene 0.002% 
Triphenylene 0.01 - 0.02% 

These numbers f i r s t  show t h a t  PNA's contained i n  t h e  f u e l  are most e f f e c t i v e l y  
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, destroyed.  This i s  not  unexpected i n  view of t h e  low emissions of hydrocarbons 
and CO. 
of PNA emissions from hea t ing  o i l  combustion i f  t h e  f u e l  PNA conten t  is ava i lab le .  

CONCLUSIONS 

Secondly, t h e s e  numbers would permit reasonable  es t imates  of the  magnitude 

From t h e  r e s u l t s  obtained i n  t h i s  s tudy,  a number of conclusions regard- 
b g  emissions from t h e  domestic high pressure  gun burners  a r e  evident .  
the range of p r a c t i c a l  o p e r a t i n g  condi t ions  there  is  no s i g n i f i c a n t  e f f e c t  of f u e l  
composition on t h e  emissions of carbon monoxide, t o t a l  hydrocarbons, n i t rogen  
oxides ,  and mass p a r t i c u l a t e s .  Second, a t  a given excess  a i r  l e v e l  an increase  i n  
t h e  f i n a l  b o i l i n g  p o i n t  of f u e l  leads to  higher  smoke. 
excess air, even f u e l s  with very high f i n a l  b o i l i n g  poin ts  can be  burn t  e s s e n t i a l -  
l y  smoke f ree .  Third,  emissions of polynuclear  aromatic hydrocarbons appear to  be  
pr imar i ly  dependent on t h e  PNA content  of t h e  f u e l .  It i s  unl ike ly ,  however, t h a t  
d i f fe rences  i n  exhaust  PNA's  are measurable over  t h e  range of PNA's found i n  No. 2 
f u e l s  i n  the  f i e l d .  

F i r s t ,  i n  

However, with s u f f i c i e n t  
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FIGURE 1 

PNA SAMPLING SYSTEM 

FIGURE 2 
CARBON MONOXIDE EMISSIONS 
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FIGURE 4 
FUEL EFFECT ON SMOKE NUMBER 
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FIGURE 5 
INFLUENCE OF FINAL BOILING POINT OF FUEL ON SMOKE 
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FIGURE 6 
PART IC ULATE EM 1 S S I ON S 


